Acclimation of spinach plants grown at 25 C to a temperature of 10 C for 10 d resulted in an increased capacity for leaf photosynthesis in saturating light and CO 2 , but not at ambient CO 2 concentrations. Gas exchange and chlorophyll fluorescence measurements indicated that acclimation was accompanied by an increased capacity for the regeneration of ribulose-1,5-bisphosphate. Changes in starch, soluble carbohydrates and activities of sucrose-P synthase and ADP-glucose pyrophosphorylase were measured during the acclimation process. There was an initial increase in starch and sucrose during the first 2 d, but these then declined. There was an increase in the capacity for sucrose synthesis during low temperature acclimation, evidenced by an increase in the maximum activity of sucrose-P synthase activity and an increase in partitioning of 14 C0 2 into sucrose, but there was no increase in the activity of ADP-glucose pyrophosphorylase or carbon partitioning into starch.
Introduction
Acclimation of photosynthetic CO 2 assimilation to low temperature results in an increased photosynthetic capacity after a period of exposure to low temperatures (Berry and Bjorkman, 1980) . Acclimation must involve the removal of limitations which normally occur when plants grown at higher temperatures are suddenly exposed to low temperatures. Some of these limitations in photosynthetic capacity have been identified, and many occur as the plant achieves a new balance between carbohydrate accumulation and export. For example, transfer of many temperate plants to low temperature results in a greater decline in growth than photosynthesis. There is, therefore, a decline in carbon export from the leaf (which itself may also be particularly sensitive to low temperature), resulting in an accumulation of soluble carbohydrate in leaves (Pollock et ai, 1983; Pollock, 1984) . One advantage of this accumulation of soluble sugars is that they exert a cryoprotective function in cells exposed to low temperature (Koster and Lynch, 1992) . What remains unclear is whether these changes in carbohydrate content result from imbalances between synthesis and export or whether they result from increases in carbohydrate synthesis.
Perhaps the most immediate limitation in carbohydrate metabolism is the restriction on the rate of sucrose synthesis which occurs at low temperatures (Leegood and Furbank, 1986; Sage and Sharkey, 1987) . This restriction of sucrose synthesis could have a variety of causes (Leegood and Edwards, 1996) , and little is known about the mechanisms by which this limitation is overcome during acclimation to low temperature. There are suggestions that it may involve an increase in the capacity to synthesize sucrose (Holaday et al., 1992) . Similarly, the capacities of other processes may increase during acclimation. For example, the activity and activation state of Rubisco often increases after exposure to low temperature (Leegood and Edwards, 1996) .
The extent of limitations which occur in the capacity to synthesize sucrose at low temperature also depends upon other environmental factors, and limitations are particularly evident at higher light intensities and CO 2 concentrations (Labate and Leegood, 1988) . If photosynthetic acclimation is largely concerned with the removal of limitations in the ability to synthesize sucrose, then this acclimation should be more evident at higher CO 2 concentrations. In this study the degree to which acclimation of spinach to low temperature (10°C) is observed when the photosynthesis is measured subsequently over a range of CO 2 concentrations and how this acclimation affects the maximum activities of sucrose-P synthase and ADP-Glc pyrophosphorylase and the partitioning of recently fixed carbon between sucrose and starch has been assessed.
Materials and methods

Plant material
Spinach (Spincicui oleracea L. cv. Subito) was grown in a glasshouse for 6 weeks with a 10/14 h photoperiod at a maximum 27 °C and minimum 18 °C. PPFD was 250-300 quanta m" 2 s" 1 at leaf level. Plants were fed with 10 mM Ca(NO 3 ) 2 added as a supplement to 2000-fold diluted Solufeed F (Solufeed Ltd., Etchingham, UK). Plants with three expanded leaves were potted in vermiculite/peat (2:8 ratio) and transferred to a growth cabinet set at a constant 25 °C day/night temperature for 7 d. The plants were watered with nutrient solution every 2 d. The PPFD at leaf level was 300-350 ^mol quanta m" 2 s" 1 with a 10/14 h photoperiod and relative humidity was 70%. At 7 d the 25 °C grown plants were transferred to an identical growth cabinet at 10°C day/night.
Gas exchange analysis
Gas exchange measurements were made in an open gas exchange system as described by Harris et al. (1983) . Leaves were placed into the chamber with the cut petiole immersed in water so that a circular area of 11.3 cm 2 received a PPFD of 400/i 2 ' quanta m~2s '. Gas exchange parameters were calculated according to von Caemmerer and Farquhar (1981) . Curve fitting for A/C, data was made using Sigma Plot (V. 2.2; Jandel Scientific, Germany) incorporating the equation for the A/C, response described by von Caemmerer and Farquhar (1981) with a constant dark respiration parameter. Measurements of CO 2 -saturated photosynthesis were made in a leaf disc O 2 electrode chamber as described by Walker (1993) .
Measurement of chlorophyll a fluorescence quenching
Chlorophyll a fluorescence was measured and analysed by a pulse amplitude modulation fluorometer (PAM-101. H. Walz. Effeltrich, Germany). The nomenclature used was that of van Kootenand Snel (1990) .
Partitioning of carbon
Feeding of H 14 CO 3 was carried out in a leaf-disc oxygen electrode chamber. 200 /xl of a 1 M solution of 1 M NaHCO 3 containing 114 KBq of NaH l4 CO 3 was placed on a piece of capillary matting. A wire mesh was inserted and three 1 cm 2 leaf discs placed on top. An LED array provided an irradiance of 400 fitnol quanta m~2s ' at the leaf surface. Discs were illuminated for 30 min and were then transferred to liquid nitrogen.
Extraction of carbohydrates and ion exchange
1 cm 2 leaf discs were taken and placed in test tubes containing 5 ml of boiling 80% ethanol which was buffered with 50 mM HEPES (pH 7.0) (Jones et al., 1977) . Recoveries were greater than 95%. The ethanolic fractions were dried at 70 °C and resuspended in 1 ml of distilled water. 100 ^.1 was used for ion exchange fractionation using a modification of the method of Prinsley et al. (1986) . A 100^1 aliquot was also taken for spectrophotometric assay of sucrose and hexose according to the method of Jones et al. (1977) . A 1.2 ml bed volume of Dowex 1 resin and Dowex 50 resin were suspended in 1 ml micropipette tips and these were washed with 10x200/^.1 of 2 M NH 4 OH and 2 M HC1, respectively (Neuhaus et al., 1990) . Recoveries of radioactivity were between 95% and 108%. For soluble metabolites a 1 ml aliquot of each ion exchange fraction was counted. The remaining leaf discs were ground in a pestle and mortar and resuspended in 0.5 M MES buffer at pH 4.5 for enzymatic digestion of starch using jS-amylase and amyloglucosidase (Neuhaus et al., 1990) . The radioactivity in the insoluble fraction was measured by taking an aliquot of the resuspended leaf disc material in 0.5 M MES buffer for scintillation counting. At least 90% of the counts in the insoluble fraction were found to be glucose equivalents deriving from starch.
Estimation of enzyme activities
Frozen leaf discs with an area of 1 cm 2 were ground to a fine powder in liquid nitrogen in a mortar and pestle and extracted in 1 ml of ice-cold extraction medium as described by Holaday et al. (1992) . The entire extraction procedure took less than 1.25 min from grinding of the sample to assay. Sucrose-P synthase was assayed as described by Stitt et al. (1988) for full activity, and under limiting conditions with 5 mM Pi, except that 5% (v/v) glycerol was included. Controls without Fru-6-P and Glc-6-P were included. The amount of UDP formed was determined spectrophotometrically, in 50 mM HEPES (pH 7.0), 5 mM MgCl 2 , 2.5 mM PEP, 0.1 mM NADH, 10 units each of lactate dehydrogenase and pyruvate kinase, using 50 fA SPS assay mixture. The recovery of added UDP was never less than 95%.
ADP-Glc pyrophosphorylase was extracted in a buffer containing 100 mM HEPES (pH7.8), 1 mM EDTA, 10% ethylene glycol (v/v). and 5 mM DTT and passed through a PD-10 Sephadex column equilibrated with extraction buffer. ADP-Glc pyrophosphorylase was was assayed by the method of Smith (1990) in 100 mM HEPES (pH 7.8), 1 mM MgCI 2 . 2mM ADP-Glc. 0.05 mM NAD. 2 mM NaH 2 PO 4 . 5.5 units Glc 6-P dehydrogenase, 5 units of phosphoglucomutase, and 50 /xl of extract.
Determination of leaf weight ratio and specific leaf area
For the measurement of LWR (ratio of leaf weight to total plant weight) and SLA (ratio of leaf area to total leaf weight), Table 1 shows the CO 2 assimilation rates of spinach plants grown at 25 °C (non-acclimated) and those acclimated to 10 °C. When measurements were made at ambient CO 2 1 ) and saturating PPFD (400 quanta m" 2 s" 1 ), the photosynthetic rates were not significantly different for acclimated and non-acclimated plants at both 10 °C and 25 °C, although stomatal conductance and transpiration were slightly higher in the nonacclimated plants (data not shown). However, acclimation was evident if photosynthetic rates were compared at saturating concentrations of CO 2 in a leaf-disc O 2 electrode, with an appreciably higher rate of CO 2 assimilation in acclimated plants at both measurement temperatures. There were significant increases in assimilation rates at 10°C and 25 °C after acclimation CP<0.05).
Results
Effects of acclimation on photosynthetic carbon assimilation
In order to rule out stomatal limitations, the photosynthetic response to increasing CO 2 concentrations for leaves of non-acclimated and acclimated plants were compared (Fig. 1) . The graph shows the response of photosynthesis to increasing C, measured at 25 °C (the growth temperature) and at 10°C (the acclimation temperature). Leaves of plants acclimated to low temperature had a greater capacity for photosynthesis at high Q (> 200/*mol mol~') than 25°C-grown plants at both measurement temperatures. In non-acclimated leaves there was a sharp transition between Rubisco limited and RuBP-regeneration limited photosynthesis and a relatively flat response at higher Q at both measurement temperatures, indicating a limitation of RuBP regeneration reactions at higher Q (Labate and Leegood, 1988) .
These differences were also evident in the changes in photochemical (<7 P ) and non-photochemical (<r/ N ) of chlorophyll a fluorescence (Fig. 2) . At 10°C, the magnitude of <7 P and q N was very similar at low Q, but at high Cj, q P was much lower, and </ N was higher, in leaves of non-acclimated plants. These data are consistent with a restriction on electron transport at high C, in nonacclimated plants, with a lower q P indicating that Q A was more reduced and higher </ N indicating an increased transthylakoid proton gradient. At 25 °C, responses of q v and <y N were similar in both treatments (data not shown).
Effects of acclimation on carbon partitioning
There were changes in the contents of sucrose, total hexoses and starch in spinach leaves during acclimation to 10°C (Fig. 3) . There was an initial increase in the content of sucrose and starch in leaves in the 2 d and 4 d, respectively, following transfer. After this initial increase, sucrose and starch contents decreased. The concentration of total hexose in leaves acclimating to 10 °C decreased towards the end of the acclimation period. After 14 d, the carbohydrate content in the leaves of the acclimated plants was similar to that in leaves of non-acclimated plants maintained at 25 °C, in which sucrose, starch and hexose contents were 8.50 + 0.75, 0.72 + 0.14 and 1.00 + 0.28 mmolm" 2 at 5 d and 6.88 + 0.94, 0.56 + 0.12 and 1.61 +0.42 mmolm~2 at 10 d.
The capacity for photosynthetic CO 2 assimilation at saturating irradiance and saturating CO 2 increased significantly in leaves exposed to 10 °C during the 10 d period (P<0.05) with the largest increases occurring after 6d (Fig. 4) . The flux of carbon entering sucrose increased nearly 2-fold during exposure to 10°C although this increase was not significant. The increase in sucrose synthesis followed the increase in carbon fixation while the amount of carbon entering starch over the acclimation period remained relatively constant and did not change significantly. Thus the partitioning ratio of sucrose to starch increased during the acclimation period from 4 to 5.5. Measurements of the maximum capacities of sucrose-P synthase showed that its activity increased rapidly whilst ADPglucose pyrophosphorylase activity did not change significantly (Fig. 5) . The total activity of SPS increased significantly (P<0.05) by nearly 2-fold compared to non-acclimated leaves, in which the activities of these enzymes remained constant during this period. The total activities of these enzymes in 25 °C-grown plants at 5d and lOd were 2.35±0.03 and 2.56 + 0.05 for SPS and 1.81 +0.25 and 1.24+0.12 for ADPglucose pyrophosphorylase.
Changes in plant growth
In plants acclimating to 10°C, the total dry weight increased almost 3-fold (Fig. 6 ) and the total leaf area by almost 2-fold, from 367+17 cm 2 to 659+110 cm 2 . The leaf weight ratio remained constant over the 10 d period suggesting that the proportion of leaf material with respect to the rest of the plant remained constant. The specific leaf area decreased over this period, consistent with a decrease in soluble carbohydrate in the leaves per unit area (Fig. 6) . the total dry weight of 25°C-grown plants increased from 1.85 ±0.09 g to 4.5 + 0.22 over the 10 d experimental period. The increased dry weights of 10°C and 25 °C plants over the experimental period were not significantly different.
Discussion
The results show that acclimation to low temperature in spinach plants is particularly evident when photosynthetic Days at 10°C rates are measured under saturating CO 2 conditions. There was a 50% increase in the capacity for photosynthesis in leaves of plants acclimated to 10°C in saturating CO 2 compared to leaves leaves of non-acclimated plants measured at 10°C (Table 1) . When photosynthesis was measured as a function of intercellular CO 2 concentration, there was a relatively flat response at higher C, for leaves of non-acclimated plants at 25 °C and 10°C and a sharper transition between photosynthesis at low C, (where it is Rubisco limited) and and at higher C, (where it is RuBPregeneration limited; von Caemmerer and Farquhar. 1981) than in leaves of acclimated plants (Fig. 1) . This implies that there is a limitation in RuBP-regeneration and this was also indicated by the decrease in photochemical quenching and the increase in non-photochemical quenching of chlorophyll a fluorescence. This suggests that acclimation results in a greater ability to keep photosystem II oxidized at low temperature and increases dissipation of the transthylakoid proton gradient, which results from an increased capacity for photosynthesis in acclimated leaves (Fig. 2) . Previous studies have also Days at 10°C 
